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Abstract
Super-high pressure (SHP) technique plays an increasing role in the fields of materials science and engineering. Herein, the Mg97Zn1Y2 alloy
was heat-treated under SHP (6 GPa) by cubic-anvil large-volume press with six rams for 2 h in the temperature range of 500–1200 °C. The
microstructure and mechanical properties were investigated. The results indicated that the as-cast sample consists of α-Mg equiaxed dendrites and
continuous lamellar long period stacking ordered (LPSO) phase in grain boundaries. After the SHP treatment, the LPSO phase is gradually
replaced by eutectic phase (Mg,Zn)3Y with increasing temperature. The microhardness and strength of sample prepared at 1100 °C under SHP
treatment are significantly improved compared with the as-cast one at room temperature. The improved mechanical behaviors are mainly attributed
to LPSO phase kink-banding strengthening at low temperature and the precipitation strengthening of a large amount of fine (Mg,Zn)3Y particles
at high temperature after SHP treatment. It reveals the SHP is an effective approach to prepare high performance Mg alloys.
© 2016 Production and hosting by Elsevier B.V. on behalf of Chongqing University. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Magnesium alloys are the lightest of all metals used as the
structural materials. It is this property that entices automobile
manufacturers to replace denser materials by magnesium based
alloys from the point-views of energy saving and environment
protection [1]. However, the applications of magnesium alloys
are still limited due to their relatively low strengths and poor
ductility. It is of great interest to develop high-performance Mg
alloys to extend their industrial applications. A rapidly solidi-
fied powder metallurgy (RSP/M)Mg97Zn1Y2 (at.%) alloy exhib-
its an excellent yield strength of 610 MPa, together with a
moderate tensile ductility of ~5% at room temperature. The
mechanism behind the strength of the RSP/M Mg alloy is
attributed to the grain refinement and the X phase with long
period stacking ordered (LPSO) structure [2]. Recently, phases
with LPSO structure were observed not only in the rapidly
solidified Mg–Y–Zn alloys, but also in ones produced by con-
ventional casting, heat treatment, extrusion, rolling, equal
channel angular extrusion and friction stir processing [3–8].
These reports demonstrate that the dispersed fine LPSO phases
can significantly improve the mechanical properties of the
Mg–Y–Zn alloys.
More recently, it is reported that SHP synthesis is one of the
most effective techniques to prepare new compounds or to obtain
unique properties [9,10]. Unlike precipitation strengthening and
grain refinement reported previously, it is expected that SHP
treatment would provide a simple method to improve mechanical
properties of Mg97Zn1Y2 alloy by modifying phase composition
and its morphology. Herein, an SHP approach is successfully
introduced to improve the mechanical strength of Mg97Zn1Y2
alloy for the first time. The aim of the present paper is to inves-
tigate the effect of exterior pressure on microstructural evolution
and mechanical properties of the Mg97Zn1Y2 alloy.
2. Experimental procedures
The nominal Mg97Zn1Y2 (at.%) alloy was prepared by the
zone-solidification technique [11]. The ingot was machined into
the samples for SHP treatments with 10 mm in diameter and
14 mm in height. The high pressure equipment used in this
experimentwas aCS-IB type cubic-anvil large-volume presswith
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six rams.The pressurewas slowly increased up to 6 GPa, and then
the sampleswere heated up to 500 °C–1200 °Cwith a heating rate
of 40 °C/min.The holding time is 2 h.After that, the sampleswere
quenched to room temperature directly before removing pressure.
The microstructure investigations were measured using an
Olympus optical microscopy (OM) and a HITACHI S-4800 field
emission scanning electron microscope (FE-SEM). The standard
metallographic procedures including grinding, polishing and
etchingwere applied.TEMthin foilswere preparedby ionmilling.
The specimens were performed in a JEM-2010 transmission
electron microscopy operated at 200 kV. The phase compositions
were identified by X-ray diffraction (Rigaku D/MAX/2500/PC)
with Cu Kα radiation at a scan of 20°–80° with a step of 0.02 and
a permanence time of 2 s. The Vickers microhardness was
measured and the average value is obtained by twenty-five
independent measurements. The test loading and dwelling time
are 100 gf and10 s, respectively.Compression tests are performed
on a Gleeble-3500 thermomechanical simulator at a strain rate of
1.7 × 10−3s−1 at room temperature (RT).
3. Results and discussion
3.1. Microstructure
Fig. 1 illustrates the microstructure of the as-cast Mg97Zn1Y2
alloy, it can be seen that the microstructure consists of primary
α-Mg grain and continuous secondary phase distributed in the
grain boundaries (GB). The average diameter of the coarse
α-Mg grain is nearly 50 µm, and the secondary phase is about
10 µm in thickness. It can be inferred that the secondary phase
is X-phase, identical to that of the Mg12YZn phase with a LPSO
structure, which is widely reported in previous studies [12]. The
volume fraction of Mg12YZn phase is estimated to be about
28%. The X-ray diffraction (XRD) pattern of the as-cast
Mg97Zn1Y2 alloy is shown in Fig. 2a. It can be found that the
as-cast sample is identified as two phases, α-Mg phase and
X-phase (Mg12YZn phase). It was reported that the Mg12YZn
phase had a hexagonal structure, the lattice constants are con-
firmed as a = 0.321 nm and c = 4.86 nm [13]. Fig. 2b is a bright
field TEM image of the lamellar phase, there are weaker spots
at positions n/6 of the (0002)Mg diffraction in the corresponding
SAED pattern shown in Fig. 2c. This shows the lamellar X
phase has an 18R LPSO structure.
After SHP treatment, the sample prepared at 500 °C under
6 GPa (6GPa-500) exhibits similar morphology as the as-cast one
fromFig. 3a.The volume fraction ofMg12YZn phase increases up
to 35%and the average grain size ofα-Mgmatrix grows to around
60 µm. With increasing temperature, the volume fraction of
Mg12YZnphase decreases to 8% in6GPa-800 sample, as shown in
Fig. 3b. The grain size of α-Mg matrix remains at about 60 µm.
Moreover, a eutectic phase appears in triple junctions of GBs.The
6 GPa-1100 sample is composed of large equiaxed grain
exceeding 120 µm in diameter (Fig. 3c). It is worth noting that the
6 GPa-1200 sample shows cellular dendrite morphology
(Fig. 3d).Theoretically, the melting point of alloy increases under
high pressure since its volume decreases during solidification
process by Clausius–Clapeyron equation [14]. Some Y and Zn
atoms diffuse from the Mg12YZn phase to α-Mg matrix, which
would lead to the formation of eutectic phase at theGBunder SHP
above 800 °C. In addition, under high temperature condition
(above 1000 °C), some small liquid zones enriched in Y and Zn
and form the eutectic phase after the alloy quenched to room
temperature during SHP process. Furthermore, the alloy becomes
molten at 1200 °C under 6 GPa.Thus, the resolidification of alloy
under SHP results in the formation of dendrite [15].
After SHP treatment, the diffraction intensities of Mg12YZn
phase increase in 6GPa-500 sample. It suggests that the volumeFig. 1. SEM image of as-cast Mg97Zn1Y2 alloy.
Fig. 2. (a) XRD pattern of as-cast Mg97Zn1Y2 alloy, (b) a typical TEM bright-field micrograph of as-cast Mg97Zn1Y2 alloy, (c) the SAED pattern of LPSO phase.
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fraction of Mg12YZn phase increases compared with that of the
as-cast one, which is in agreement with the microstructural
variation. Apart from α-Mg phase and Mg12YZn phase, two
additional (Mg,Zn)3Y phase and Mg3Zn7 phase are identified
in 6 GPa-800 sample. Both the 6GPa-1100 sample and
6GPa-1200 one contain three phases. Namely, α-Mg phase,
(Mg,Zn)3Y phase and Mg3Zn7 phase instead of Mg12YZn phase
is observed. The (Mg,Zn)3Y phase has a coincident crystalline
structure with the DO3-type (Mg,Zn)3Gd phase. Y and Gd
belong to the same subgroup and have similar atomic radius,
therefore, the atomic planes of the (Mg,Zn)3Y phase should be
the same as those of the (Mg,Zn)3Gd phase [16].
Fig. 4. XRD patterns of Mg97Zn1Y2 alloys prepared under 6 GPa.
Fig. 5a is the bright-field TEMmicrograph of the 6 GPa-1100
sample, which was observed along [010] zone axis. It can be
found that some nanoscale cuboid-shaped particles are uniformly
distributed in α-Mg matrix. The average length calculated from
100 particles is ~40 ± 2 nm. The corresponding select area elec-
tron diffraction (SAED) patterns of the particle are shown in
Fig. 5b,c, the incident electron beam is parallel to [010] and
[1–20] zone axes, respectively. The SAED patterns indicate that
the phase has a face-centered cubic (FCC) structure with
a = 0.7296 nm. It can be confirmed that the nanoscale particles
correspond to the (Mg,Zn)3Y compounds combined with the
XRD analyses. The (Mg,Zn)3Y phase has a FCC crystal structure
(space group Fm-3m), which renders it isomorphous with a
family of intermetallic compounds of the general form Mg3RE
[17]. During high temperature SHP treatment, the solid solubility
of Zn andY atoms increased sharply, and the diffusion of solute
atomsmade the magnesiummatrix supersaturated. Subsequently,
(Mg,Zn)3Y phase dynamically precipitated in the grain boundar-
ies during cooling.
3.2. Mechanical properties
Fig. 6a shows the effect of SHP on microhardness. It is
obvious that the microhardness of sample is significantly
improved after SHP treatment. The value of the as-cast sample is
75.09 HV.The microhardness increases firstly and then decreases
with increasing temperature. The maximum value (94.81 HV) is
achieved in SHP-1100 sample, which is 1.26 times higher than
that of the as-cast sample. The representative compressive curves
are shown in Fig. 6b. The as-cast Mg97Zn1Y2 alloy exhibits low
yield strength with the rupture strain of 31.0%. After SHP treat-
ment at 1100 °C, the yield strength and ultimate compressive
strength are remarkably improved, and the values are 186.4 MPa
and 328.6 MPa, respectively. Nevertheless, the rupture strain was
reduced to 24.8%. The improved mechanical properties are
mainly associated with the following several reasons. On one
hand, at low temperatures of 500 °C at 6 GPa, the improved
strength is attributed to the increased volume fraction of
Mg12YZn phase. It has been demonstrated that the strengthening
role of the LPSO phase in Mg alloys comes from the kinking of
the large LPSO blocks and its fragmentation into the α-Mg
matrix resulted in extensive kink bands and kink GBs in the alloy.
These newly formed boundaries will effectively enhance strength
as obstacles to block dislocation movement [18]. On the other
hand, at high temperatures (>800 °C) at 6 GPa, the improved
Fig. 3. OM images of Mg97Zn1Y2 alloys prepared under 6 GPa at different temperatures, (a) 500 °C, (b) 800 °C, (c) 1100 °C, (d) 1200 °C.
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strength is mainly related to the precipitation strengthening
caused by the (Mg,Zn)3Y particles due to the increased volume
ratio of (Mg,Zn)3Y particles and their homogeneous distribution
in the α-Mg matrix.
4. Summary
Herein, microstructure evolution and mechanical properties
of Mg97Zn1Y2 alloy under SHP treatment have been investi-
gated. The conclusions are summarized as follows.
1 The as-cast Mg97Zn1Y2 alloy is composed of α-Mg and
Mg12YZn phases. After SHP treatment, the volume fraction
of Mg12YZn phase is increased firstly and then reduced with
the increasing temperatures. Only α-Mg phase, (Mg,Zn)3Y
phase and Mg3Zn7 phase are observed when the processing
temperature exceeds 1100 °C.
2 The SHP treatment is an effective method to improve the
mechanical properties of Mg97Zn1Y2. The microhardness
and the strength of SHP-1100 sample are 94.81 HV and
328.6 MPa, which are 1.26 and 1.29 times higher than that of
the as-cast sample, respectively.
3 The improvedmechanical properties of alloy under SHP treat-
ment are mainly attributed to LPSO phase kink-banding
strengthening at low temperature and (Mg, Zn)3Y phase pre-
cipitation strengthening at high temperatures, respectively.
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Fig. 5. (a) A typical TEM bright-field micrograph of the 6GPa-1100 sample, (b, c) SAED patterns of (Mg,Zn)3Y phase taken from different directions.
Fig. 6. (a) Microhardness of Mg97Zn1Y2 alloys prepared at different conditions, (b) Compressive curves of as-cast alloy and 6GPa-1100 alloy.
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